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A good turn for DNA: the structure of integration host factor
bound to DNA
Tom Ellenberger1 and Arthur Landy2
The crystal structure of integration host factor (IHF)
complexed with DNA shows how a small heterodimeric
protein can induce a big bend in DNA. IHF exerts leverage
in the minor groove and wraps DNA around the body of the
protein, providing another example of sequence-specific
recognition of the minor groove.
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The textbook picture of straight B-form DNA has little
similarity to the actual structure of DNA in most biologi-
cal contexts. The DNA double helix is subject to subtle,
sequence-dependent variations in local structure or to
marked distortions induced by DNA-binding proteins that
bend or unwind the helix. This fact is abundantly evident
in the coiling of DNA into chromatin by histone proteins.
DNA bending can also enhance the selectivity of protein
binding to specific sites, or it may orient several protein-
binding sites for the assembly of a multiprotein complex.
The growing number of protein structures complexed with
distorted DNA offers clues about how binding energy
might stabilize otherwise unfavorable DNA conformations.
The structure of Escherichia coli integration host factor
(IHF) complexed with DNA, recently reported by Phoebe
Rice, Shu-wei Yang and colleagues at the National Insti-
tutes of Health [1], takes the field to a new extreme — a
protein-induced U-turn in DNA.
The E. coli IHF was, as its name suggests, originally iden-
tified [2–4] and purified [5] as a host factor for the phage l
integrative recombination reaction. Like many other cel-
lular proteins that were first identified through their
effects on viral life cycles, IHF was subsequently shown
to be a key player in cellular physiology. IHF is a small
heterodimeric protein that binds in the minor groove of
DNA [6] causing it to bend in a sequence-specific manner
[7]. The extent of DNA bending induced by IHF in solu-
tion has been estimated by gel mobility analyses to be
more than 140° [8]; DNA cyclization analysis estimated
bending of approximately 180° [9].
Consistent with its image as a ‘big bender’, IHF has been
cast in many of its cellular roles as an architectural element
that simply shapes DNA. One of the more flamboyant
examples of IHF-induced bending involves its shaping of
the DNA sequences, att sites, that participate in l site-spe-
cific recombination. Three IHF sites are used for integra-
tive recombination and two IHF sites (in concert with
other small DNA bending proteins) for excisive recombina-
tion. IHF and the other DNA-bending proteins introduce
three sharp bends in the att site DNAs and thereby facili-
tate the binding of several protomers of the heterobivalent
DNA-binding protein l integrase [10–13]. The result is a
compact higher-order synaptic complex of approximately
400kDa [14]. The role of IHF in l recombination can be
partially mimicked by replacing one or more IHF-binding
sites with intrinsically curved DNA, or by replacing IHF
with a different (sequence independent) DNA-bending
protein, HU [15,16]. These results demonstrate the impor-
tance of DNA bending but also leave open the possibility
of other roles for IHF. Another explanation for the diffi-
culty in mimicking IHF function is the finding that these
IHF-dependent structures can be extremely precise, as
might be expected if creation of a particular DNA node is
critical for recombination [17].
In a similar but less complex architectural role, IHF
binding at a single site is used to bring together two flank-
ing DNA-binding sites and thereby stimulate transcription
of some s54 and s70 promoters. This role for IHF was first
demonstrated for the nif operon of Klebsiella pneumoniae
[18,19]. The list of systems where IHF has been shown to,
or is thought to, function as an architectural element is
both long and diverse [20–23]. In addition to its role in
recombination and transcription, IHF-induced bending 
is also known to stabilize repressor binding [24] and to
enhance transposition [25–27].
IHF also figures prominently in the initiation of DNA
replication, as it is frequently a component of the multi-
protein complexes which form at bacterial origins of repli-
cation [28]. In the case of oriC, the replication initiator 
of the E. coli chromosome, a single IHF cycles in and out
of the oriC nucleoprotein complex in alternation with 
a single FIS protein, another small site-specific DNA-
bending protein [29]. This interplay of the two DNA-
bending proteins is postulated to aid the assembly of
initiation complexes during the cell cycle and to block ini-
tiation at inappropriate times. IHF also assists in the
melting of DNA strands in the oriC complex in prepara-
tion for the initiation of DNA replication [30]. IHF’s role
in chromosome trafficking extends to formation of the
nucleoprotein complexes responsible for the proper parti-
tioning of plasmids to daughter cells (for an overview see
[28]). In addition to its role as an architectural DNA-
bending element, IHF may also function in a more
straightforward fashion as a classical repressor or activator
of gene expression. In this mode IHF would block tran-
scription as a result of its binding site occluding or disturb-
ing a promoter site; IHF would activate by virtue of
contacts made with a specific domain of RNA polymerase
(reviewed in [22]). These findings underscore IHF’s bio-
logical importance as both a sequence-specific DNA-
binding protein and as a DNA-bending element.
Exactly how IHF produces a sharp bend in DNA has
remained a mystery until recently. Phoebe Rice, Shu-wei
Yang and their colleagues report the crystal structure of 
an IHF–DNA complex [1], which shows the clever use 
of several established principles for DNA bending that,
together, take DNA bending to a new extreme. IHF is not
the only small protein capable of inducing such extreme
bends in DNA. Its closest relative, the protein HU, binds
to DNA in a nonspecific manner (reviewed in [31]). A
crystal structure of the unliganded HU homodimer from
Bacillus stearothermophilus [32] shows a globular mixed ab
structure with a pair of protruding arms consisting of
antiparallel b strands that extend away from the body of
the protein. The distal portions of the arms are disordered
in the absence of DNA; theoretical models of DNA com-
plexes with HU [32,33] or IHF [34] place the arms in the
minor groove, wrapping around the DNA. The crystal
structure of the IHF–DNA complex reveals how the pro-
truding arms induce a severe bend in DNA, as well as
showing a novel mode of sequence-specific recognition of
DNA in the minor groove.
It is generally recognized that minor groove binding pro-
teins can widen this otherwise narrow groove, bending the
DNA away from the protein. More extreme bending or
kinking of the DNA is caused by the intercalation of
hydrophobic residues between base pairs, as seen in DNA
complexes with TATA-binding protein [35,36] or the
repressor proteins PurR [37] and LacI [38]. Another strat-
egy for protein-induced DNA bending is the electrostatic
binding of DNA phosphates to a curved DNA-binding
surface, wrapping the DNA around the protein. Examples
of proteins employing this method of bending include the
E. coli catabolite activator protein [39], and papilloma virus
E2 protein [40]. Additional stabilization of the bent DNA
conformation is probably achieved by the selective neutral-
ization of phosphate charges on the inside of the bend
through interactions with a basic surface of the protein [41].
The crystal structure of the IHF–DNA complex (Fig 1;
[1]) shows a novel implementation of these strategies for
bending DNA. IHF is a heterodimer of homologous a and
b subunits of approximately 11kDa each (Fig. 2). The
structure of the IHF protein in the DNA complex is in
close agreement with that of the unliganded B. stearother-
mophilus HU homodimer [32], although the DNA-contact-
ing arms are fully ordered only in the IHF–DNA complex.
Whereas HU binds to DNA nonspecifically, IHF binds
selectively to phage attachment (att) sites and to specific
sequences within IHF-responsive promoters. The con-
sensus binding site for IHF consists of three elements: 
two clusters of conserved base pairs (5′-TATCAA-3′ and
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Figure 1
Structure of the IHF–DNA complex. The IHF heterodimer induces a
severe bend in its binding site, causing the DNA to wrap around the
body of the protein. (a) A conserved proline residue in the arm of each
subunit (labeled a and b) intercalates between base pairs and kinks
the DNA. The body of the protein makes extensive contacts with
phosphates on the minor groove surface of the DNA, stabilizing the
bend. Conserved sequences of the IHF-binding site, shown on the
right side of (a), are contacted by the arm of the a subunit and
residues flanking strand b1 of the b subunit. (b) The IHF–DNA
complex viewed from the top of the bend. (The figure is reproduced
from [1] with permission.)
5′-TTG-3′; Fig. 2) and a dA/dT-rich element located one
helical turn 5′ to the consensus [42,43]. In the IHF–DNA
crystal structure, IHF was complexed with a 35-mer
stretch of DNA corresponding to the H′ IHF-binding site,
which occurs naturally in the attP (l attachment site)
DNA. The 35-mer DNA in the crystal structure wraps
around the IHF ab heterodimer, bending more than 160°
and reversing the direction of the DNA (Fig. 1). The DNA
interaction surface of IHF is extensive; more than 4600Å2
of protein and DNA surface is buried in the complex [1].
The DNA bend is centered at the 5′ end of the
5′-TATCAA-3′ element in the IHF-binding site. One side
of the IHF dimer engages in sequence-specific interac-
tions, and the opposite side contacts the dA/dT-rich
sequence element. Two sharp kinks in the DNA are
caused by the intercalation of conserved prolines from
each arm of the dimer (Fig 1). The intercalated proline
residues interrupt base pair stacking and cause the minor
groove to open on either side of the center of the bend,
thus facilitating the tight wrapping of the DNA around 
the protein. The intertwined a and b subunits of the IHF
dimer contact the bent DNA in a roughly symmetrical
manner. However, protein contacts to the conserved bases
of the ‘right’ half of the binding site are extensive and inti-
mate, whereas the dA/dT element on the ‘left’ half of the
complex is contacted via direct and water-mediated inter-
actions with the DNA phosphates (Fig. 1). This segrega-
tion of protein interactions with the DNA backbone and
the minor groove explains nicely IHF’s relaxed specificity
for the dA/dT element in comparison to the more strictly-
specific downstream sequences
The arm of the a subunit is in close contact with the
minor groove of the 5′-TATCAA-3′ consensus element on
the right-hand side of the complex. Arg63 of the a arm is
anchored to the DNA by a hydrogen bond from its back-
bone nitrogen to N3 of a nearby adenine (the penultimate
adenine in the consensus element; Fig 2). Two arginines
from the a arm each make bidentate contacts to adjacent
Figure 2
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Sequences of IHF-related proteins and the H′ IHF-binding site. (a) The
amino acid sequences of the IHF a and b subunits (IHFa and IHFb),
E. coli HU-1, E. coli HU-2, and B. stearothermophilus HU (BsHU)
proteins are aligned; the sequences are highly homologous. The
secondary structure of the IHF subunits is shown below the aligned
sequences; b strands are shown as arrows and a helices as cylinders.
Some of the IHF residues making direct or indirect contacts to the H′
binding site are colored, including the conserved intercalating Pro65
(green). (b) The H′ binding site from the lambda attP attachment site
consists of three conserved elements shown in bold face; the dA/dT-
rich element is shown to the left of two conserved sequence elements,
which are contacted in the minor groove by IHF. IHF residues that
recognize these conserved sequence elements are shown, colored as
in (a). (Sequence alignments were done with the program AMPS and
displayed with ALSCRIPT [45].)
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bases located on opposite strands of the 5′-TATCAA-3′
consensus sequence (Fig. 2). As noted by the authors [1],
contacts to the minor groove edges of bases do not
uniquely specify the sequence of the binding site, and it is
therefore likely that sequence-dependent details of minor
groove conformation are recognized by IHF. The arm of
the b subunit is less intimately engaged in the minor
groove, perhaps in part because of the discontinuity in the
DNA backbone in this region.
The body of the IHF dimer contacts the minor groove on
either side of the complex, half a helical turn distal to the
proline-induced kinks. Both subunits participate in elec-
trostatic interactions with the DNA backbone; helix 1 and
the b1–b2 loop of one subunit and helix 3 of the opposing
subunit contact phosphates bordering the minor groove.
The N termini of helices 1 and 3 of both subunits are ori-
ented towards the DNA. On the left-hand side of the
complex, one of the backbone contacts to the dA/dT-rich
sequence is solvent-mediated, and the protein does not
contact the DNA bases. The dA/dT-rich DNA is straight
and has a narrow minor groove; these are intrinsic features
of dA tracts (reviewed in [44]) that are presumably rec-
ognized by IHF. On the right-hand side of the complex,
the DNA backbone is directly coordinated by protein
sidechains including that of Arg46 in the b1–b2 loop of
the b subunit, which contacts all three conserved bases at
the 3′ end of the binding site (Fig. 2). The snug fit of IHF
in the minor groove and the pattern of electrostatic inter-
actions with the bases suggest that IHF prefers these
sequences because of the local conformation of the minor
groove, in part resulting from a dearth of guanines with
their bulky N2 amino groups.
IHF has a remarkable economy of form considering the
magnitude of the DNA bend it produces. Flexible arms
that disrupt base-pair stacking and induce kinks in the
DNA, combined with a rigid a helical core that anchors
the DNA on either side of the bend, create the DNA
equivalent of a b-hairpin turn in proteins. The IHF crystal
structure also provides a new perspective on site-specific
recognition of the DNA minor groove, opening the way
for more detailed functional comparisons with HU and
other nonspecific DNA-bending proteins.
Acknowledgements
We thank Phoebe Rice and her coworkers for supplying manuscripts and
figures prior to publication. We also thank our many colleagues who make
the study of DNA bending and protein–nucleic acid interactions stimulating
pursuits. We gratefully acknowledge the support from the Lucille P Markey
Charitable Trust (TE) and the National Institutes of Health (AL, TE).
References
1. Rice, P.A., Yang, S.-W., Mizuuchi, K. & Nash, H.A. (1996). Crystal
structure of an IHF–DNA complex: a protein-induced DNA U-turn. Cell
87, 1295–1306.
2. Nash, H.A., Mizuuchi, K., Enquist, L.W. & Weisberg, R.A. (1981).
Strand exchange in l integrative recombination: genetics, biochemistry,
and models. Cold Spring Harbor Symp. Quant. Biol. 45, 417–427.
3. Miller, H.I., Kikuchi, A., Nash, H.A., Weisberg, R.A. & Friedman, D.I.
(1979). Site-specific recombination of bacteriophage l: the role of
host gene products. Cold Spring Harbor Symp. Quant. Biol. 43,
1121–1126.
4. Miller, H.I. & Friedman, D.I. (1980). An E. coli gene product required
for l site-specific recombination. Cell 20, 711–719.
5. Nash, H.A. & Robertson, C.A. (1981). Purification and properties of
the Escherichia coli protein factor required for lambda integrative
recombination. J. Biol. Chem. 256, 9246–9253.
6. Yang, C.-C. & Nash, H.A. (1989). The interaction of E. coli IHF protein
with its specific binding sites. Cell 57, 869–880. 
7. Craig, N.L. & Nash, H.A. (1984). E. coli integration host factor binds to
specific sites in DNA. Cell 39, 707–716.
8. Thompson, J.F. & Landy, A. (1988). Empirical estimation of protein-
induced DNA bending angles: applications to l site-specific
recombination complexes. Nucl. Acids Res. 16, 9687–9705.
9. Sun, D., Hurley, L.H. & Harshey, R. (1996). Structural distortions
induced by integration host factor (IHF) at the H′ site of phage lambda
probed by (+)-CC-1065, Pluramycin, and KMnOO4 and by DNA
cyclization studies. Biochem. 35, 10815–10827.
10. Moitoso de Vargas, L., Kim, S. & Landy, A. (1989). DNA looping
generated by the DNA-bending protein IHF and the two domains of
lambda integrase. Science 244, 1457–1461.
11. Richet, E., Abcarian, P. & Nash, H.A. (1988). Synapsis of attachment
sites during lambda integrative recombination involves capture of a
naked DNA by a protein–DNA complex. Cell 52, 9–17.
12. Bushmann, W., Yin, S., Thio, L.L. & Landy, A. (1984). Determinants of
directionality in lambda site-specific recombination. Cell 39, 699–706.
13. Moitoso de Vargas, L., Pargellis, C.A., Hasan, N.M., Bushman, E.W. &
Landy, A. (1988). Autonomous DNA-binding domains of l integrase
recognize different sequence families. Cell 54, 923–929.
14. Kim, S. & Landy, A. (1992). Lambda Int protein bridges between
higher order complexes at two distant chromosomal loci attL and attR.
Science 256, 198–203.
15. Goodman, S.D. & Nash, H.A. (1989). Functional replacement of a
protein-induced bend in a DNA recombination site. Nature 341,
251–254.
16. Goodman, S.D., Nicholson, S.C. & Nash, H.A. (1992). Deformation of
DNA during site-specific recombination of bacteriophage l:
replacement of IHF protein by HU protein or sequence-directed
bends. Proc. Natl. Acad. Sci. USA 89, 11910–11914.
17. Nunes-Düby, S.E., Smith-Mungo, L.I. & Landy, A. (1995). Single base-
pair precision and structural rigidity in a small IHF-induced DNA loop.
J. Mol. Biol. 253, 228–242.
18. Hoover, T.R., Santero, E., Porter, S. & Kustu, S. (1990). The integration
host factor (IHF) stimulates interaction of RNA polymerase with NIFA,
the transcriptional activator for nitrogen fixation. Cell 63, 11–22.
19. Kustu, S., Santero, E., Keener, J., Popham, D. & Weiss, D. (1989).
Expression of s54 ntrA-dependent genes is probably united by a
common mechanism. Microbiol. Rev. 53, 367–376.
20. Friedman, D.I. (1988). Integration host factor: a protein for all reasons.
Cell 55, 545–554.
21. Freundlich, M., Ramani, N., Mathew, E., Sirko, A. & Tsui, P. (1992).
The role of integration host factor in gene expression in Escherichia
coli. Mol. Microbiol. 6, 2557–2563.
22. Goosen, N. & van de Putte, P. (1995). The regulation of transcription
initiation by integration host factor. Mol. Microbiol. 16, 1–7.
23. Nash, H.A. (1996). The HU and IHF proteins: accessory factors for
complex protein–DNA assemblies. In Regulation of Gene Expression
in Escherichia coli. (Lin, E.C.C. & Lynch, A.S., eds), pp. 149–179,
R.G. Landes Company.
24. Betermier, M., Rousseau, P., Alazard, R. & Chandler, M. (1995).
Mutual stabilization of bacteriophage Mu repressor and histone like
proteins in a nucleoprotein structure. J. Mol. Biol. 249, 332–341.
25. Signon, L. & Kleckner, N. (1995). Negative and positive regulation of
Tn10/IS10-promoted recombination by IHF: two distinguishable
processes inhibit transposition off of multicopy plasmid replicons and
activate chromosomal events that favor evolution of new transposons.
Genes Dev. 9, 1123–1136.
26. Lleung, P.C., Teplow, D.B. & Harshey, R.M. (1989). Interaction of
distinct domains in Mu transposase with Mu DNA ends and an internal
transpositional enhancer. Nature 338, 656–658.
27. Mizuuchi, M. & Mizuuchi, K. (1989). Efficient Mu transposition requires
interaction of transposase with a DNA sequence at the Mu operator:
implications of regulation. Cell 58, 399–408.
28. Kornberg, A. & Baker, T.A. (1992). DNA Replication. pp. 741–743,
W.H. Freeman & Company, NY, USA.
156 Structure 1997, Vol 5 No 2
29. Cassler, M.R., Grimwade, J.E. & Leonard, A.C. (1995). Cell cycle-
specific changes in nucleoprotein complexes at a chromosomal
replication origin. EMBO J. 14, 5833–5841.
30. Hwang, D.S. & Kornberg, A.J. (1992). Opening of the replication
origin of Escherichia coli by DnaA protein with protein HU or IHF.
J. Biol. Chem. 267, 23083–23086.
31. Drlica, K. & Rouviere-Yaniv, J. (1987). Histone-like proteins of bacteria.
Microbiol. Rev. 51, 301–319.
32. Tanaka, I., Appelt, K., Dijk, J., White, S.W. & Wilson, K.S. (1984). 3 Å
resolution structure of a protein with histone-like properties in
prokaryotes. Nature 310, 376–381.
33. White, S.W., Appelt, K., Wilson, K.W. & Tanaka, I. (1989). A protein
structural motif that bends DNA. Proteins 5, 281–288.
34. Yang, S.-W. & Nash, H.A. (1994). Specific photocrosslinking of
DNA–protein complexes: identification of contacts between
integration host factor and its target DNA. Proc. Natl. Acad. Sci USA
91, 12183–12187.
35. Kim, Y., Geiger, J.H., Hahn, S. & Sigler, P.B. (1993). Crystal structure
of a yeast TBP/TATA-box complex. Nature 365, 512–520. 
36. Kim, J.L., Nikolov, D.B. & Burley, S.K. (1993). Co-crystal structure of
TBP recognizing the minor groove of a TATA element. Nature 365,
520–527.
37. Schumacher, M.A., Choi K.Y., Zalkin, H. & Brennan, R.G. (1994).
Crystal structure of LacI member, PurR, bound to DNA: minor groove
binding by a helices. Science 266, 763–770.
38. Lewis, M., et al., & Lu, P. (1996). Crystal structure of the lactose
operon repressor and its complexes with DNA and inducer. Science
271, 1247–1254.
39. Schultz, S.C., Shields, G.C. & Steitz, T.A. (1991). Crystal structure of
a CAP–DNA complex: the DNA is bent by 90°. Science 253,
1001–1007. 
40. Hegde, R.S., Grossman, S.R., Laimins, L.A. & Sigler, P.B. (1992).
Crystal structure at 1.7 Å of the Bovine Papillomavirus-1 E2 DNA-
binding domain bound to its DNA target. Nature 359, 505–512.
41. Strauss, J.K. & Maher, J.L. III. (1994). DNA bending by asymmetric
phosphate neutralization. Science 266, 1929–1834.
42. Hales, L.M., Gumprt, R.I. & Gardner, J.F. (1994). Determining the DNA
sequence elements required for binding integration host factor to two
different target sites. J. Bacteriol. 176, 2999–3006.
43. Hales, L.M., Gumport, R.I. & Gardner, J.F. (1996). Examining the
contribution of a dA+dT element to the conformation of Escherichia
coli integration host factor-DNA complexes. Nucl. Acids Res. 24,
1780–1786.
44. Hagerman, P.J. (1990). Sequence-directed curvature of DNA. Annu.
Rev. Biochem. 59, 755–781.
45. Barton, G.J. (1993). ALSCRIPT: a tool to format multiple sequence
alignments. Protein Eng. 6, 37–40.
Minireview  Integration host factor Ellenberger and Landy    157
